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The Assembly, Structure and Activation of Influenza a M2 Transmem-
brane Domain Depends on Lipid Membrane Thickness and Composition
Elka R. Georgieva, Haley D. Norman, Peter P. Borbat, Jack H. Freed.
Cornell University, Ithaca, NY, USA.
The influenza A M2 protein is single-pass transmembrane protein that assem-
bles in a tetramer, forming a pH-activated proton channel. It is essential for
viral function. The tetramer of M2 transmembrane domain (M2TM), residues
22-46, is the minimal unit for proton conductance. Although substantial knowl-
edge about M2-membrane interactions was accumulated, understanding the en-
ergy profile of the M2TM assembly and structural alterations upon channel
activation in lipid membranes is incomplete.
We utilized pulse ESR spectroscopy, DEER, with spin-labeling to study the
AM2TM peptide (residues 21-49) in lipid membranes. A unique cysteine residue
(L46C), introduced in M2TM, was spin-labeled with MTSL. The peptide was re-
constituted in membranes of pure DLPC or DOPC, DLPC:DLPS or DOPC:POPS
85:15mol%, andDLPC:DLPS:Cholesterol or DOPC:POPS:Cholesterol 65:15:25
mol% at peptide-to-lipid molar ratio 1:500. We measure inter-spin distances and
distance distributions to monitor structural alterations in M2TM residing in
different lipid environment, and also upon changing the acidity from pH 8 to
5.5. Based on the modulation depth of DEER signals and the reconstructed dis-
tance distributions, our results indicate that membrane-associated M2TM exists
in various oligomerization states, most likely dimers and tetramers, supposedly
relevant toM2 folding. The length of lipid hydrocarbon tail and cholesterol affect
M2TMoligomerassembly: TheDEERmodulationdepth forM2TMinDLPCcor-
responds to dimers, whereas the increased depth measured in POPC membranes
andDLPC:DLPS:Cholesterol suggests a shifted equilibrium to tetramers. The dis-
tances in DOPCmembranes at both pHs were shorter (maximum at 22 A˚), as ex-
pected from a closedM2 conformation. Longer distances, 27-40 A˚, due to channel
opening at low pH were observed clearly only in the presence of charged lipid,
indicating the role of these lipids in the activation of M2 channel.
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HSP70 Associates with Phosphatidylserine Membranes via the Peptide
Binding Domain
Antonio De Maio1, Gabrielle Armijo2, Victor Lopez2, Derek Gonzales2,
Jonathan Okerblom2, Nelson Arispe3, David M. Cauvi4.
1Departments of Surgery and Neuroscience, University of California, San
Diego, La Jolla, CA, USA, 2Initiative for Maximizing Student Development
(IMSD) Program, University of California, San Diego, La Jolla, CA, USA,
3Department of Anatomy, Physiology and Genetics, Uniformed Services
University, Bethesda, MD, USA, 4Department of Surgery, University of
California, San Diego, La Jolla, CA, USA.
The expression of heat shock proteins (hsp) is a natural response to an array of
physiological, environmental and clinical stressors. These proteins participate
in the repair and recovery from an insult and confer protection from subsequent
stresses. The cytoprotective effect of hsp has been associatedwith their chaperone
function within the cytosol. Recently, they have been found in the extracellular
environment where they propagate the stress signal to avoid the dissemination
of the insult. Hsp70, the major inducible form of the hsp family, does not contain
any consensus secretory signal that predicts its export via the classical ER-Golgi
secretory pathway. We have proposed that Hsp70 is exported by a novel mecha-
nism that is initiated by the translocation of the protein into the plasmamembrane.
Furthermore, the protein is released associated with extracellular vesicles (ECV),
which we speculate result in a robust activation of the immune system.We inves-
tigated the mechanism of Hsp70 insertion into membranes using liposomes. We
observed that Hsp70 insertion into lipidmembraneswas spontaneous and specific
for negatively charged lipids, such as phosphatidylserine. Using a proteomic
approach, we determined that the C-terminus end of the molecule, which
contains the peptide binding domain, is inserted into the lipid bilayer. The N-ter-
minus of themolecule, containing the ATP binding site, is exposed to the external
part of the liposome. These results resemble our initial studies characterizing
channel activity of Hsp70 observed in artificial lipid membranes.
Supported by NIH R01GM098455.
Platform: Computational Methods
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Bayesian Structure Determination from Sparse Single Molecule X-Ray
Diffraction Images
Michal Walczak, Helmut Grubmueller.
MPI for Biophysical Chemistry, Goettingen, Germany.
X-ray free electron lasers used in single molecule experiments offer new pos-
sibilities for molecular structure determination. We propose a Bayesian method
capable of extracting structure information from sparse and noisy diffraction
images. We investigate two different strategies. In the first, a ‘seed’ model isused to determine the molecular orientation for each of the collected diffraction
images, and an improved molecular transform is obtained by averaging those
images in three-dimensional reciprocal space. In the second approach, a real
space structure model that fits best to the entire set of diffraction images is ob-
tained, thus enabling distinction between different structures.
We found that the achievable resolution increases with molecular mass as m1/6,
which somehow unexpectedly suggests that, at a given resolution level, struc-
ture determination is more challenging for small molecules.
As a proof of concept, we have computed the electron density for a glutathione
(molecular mass 307 Da) from 20,000 synthetic diffraction images, each with
82 recorded elastically scattered photons, and up to 50% additional background
noise. Alternatively, and demonstrating the feasibility of the second approach,
the structure of the samemolecule was also determined in a Monte Carlo refine-
ment simulation starting from random conformations. Further, the second
approach is exemplified for a ribosomal structure (molecular mass about 2.5
MDa). Our results show that it is possible to distinguish between minute struc-
tural changes associated with tRNA translocation.
Overall, our results suggest that the proposed method allows for structure deter-
mination at atomic resolution from sparse and noisy X-ray diffraction images in
single molecule experiments for a broad spectrum of molecular masses.
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xMDFF: Molecular Dynamics Flexible Fitting of Low-Resolution X-Ray
Structures
Abhishek Singharoy1, Ryan McGreevy1, Qufei Li2, Jingfen Zhang3,
Eduardo Perozo4, Klaus Schulten1.
1Beckman Institute, Univeristy of Illinois, Urbana Champaign, IL, USA,
21Department of Biochemistry and Molecular Biology, Univeristy of
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X-ray crystallography remains one of the most versatile and dominant methods
for solving the all-atom structure of biomolecules. However, for relatively large
systems, availability of only medium to low-resolution diffraction data often
limits the determination of atomic structures. We have developed a new molec-
ular dynamics flexible fitting (MDFF)-based approach, xMDFF, for determining
structures from such low-resolution crystallographic data. xMDFF employs a
real-space refinement scheme that flexibly fits atomic models into an iteratively
updating electron density map. The iterations continue until the fitted structure
yields R-factors lower than a predefined tolerance. xMDFF addresses significant
large-scale structural deformations of the initial model to fit the low-resolution
density, as has been tested with synthetic low resolution maps of D ribose bind-
ing protein. xMDFF has been successfully applied to re-refine six low-resolution
protein structures of varying sizes that were already submitted to the PDB. An
improvement in the R-factors is observed,
and sterically and conformationally favored
atomic geometries are achieved in all the six
cases. Finally, via systematic refinement of
a series of data form 3.6 to 7 A˚, xMDFF
together with electrophysiology experi-
ments confirmed the first all-atom structure
of a voltage sensing protein Ci-VSP.1264-Plat
i-ATTRACT: a New Flexible Docking Approach for Investigating Protein
Protein Interactions
Christina Schindler, Martin Zacharias.
Technische Universita¨t Mu¨nchen, Physics Department (T38), Garching,
Germany.
Many of the most important processes in the cell are carried out by large molec-
ular machines built up from multiple proteins. However, structural data for a
large fraction of known and putative complexes is still lacking. Computational
docking methods aim at predicting protein complexes based on the structure
of the individual constituents. A new protein-protein docking approach, i-
ATTRACT has been evaluated on a large benchmark. The docking combines
rigid body degrees of freedom and fully flexible interface residues in a simulta-
neous potential energy minimization. To our knowledge this is the first docking
method performing an energy minimization in degrees of freedom of multiple
scale. Procedures combining Monte Carlo sampling and energy minimization
were applied as well. Refinement of rigid body docking solutions from a system-
atic search with unbound protein structures using ATTRACT [1] shows prom-
ising results on a large number of cases. i-ATTRACT is able to significantly
improve results for initial structural deviations of up to 8 A˚ from bound geom-
etries. Compared to molecular dynamics this refinement procedure comes at low
computational cost but shows more efficient sampling by combining small-scale
conformational rearrangements and large-scale center-of-mass displacements.
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Predicting Charged-Ligand Binding from Molecular Simulations
David L. Mobley1, Gabriel J. Rocklin2.
1Pharmaceutical Sciences, University of California, Irvine, Irvine, CA, USA,
2Biochemistry, University of Washington, Seattle, WA, USA.
We seek to use molecular simulations to predict and understand protein-ligand
interactions. Our approach uses so-called "alchemical" free energy calculations
to quantitatively predict binding affinities. Here, we will discuss recent work on
blind predictions of protein-ligand binding in a model binding site in cyto-
chrome C peroxidase, as well as related work in other binding sites. We discuss
the outcome of our predictions, what we learned, and the challenges facing
computational methods in predicting biomolecular interactions. We also
discuss ongoing related work in other binding sites, and implications of our
work for binding studies more broadly.
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Ribosomal Kinetics and Concerted Motions from Nanoseconds to Seconds
Christian Blau1, Lars V. Bock1, Gunnar F. Schro¨der2, Iakov Davydov3,
Niels Fischer4, Holger Stark4, Marina V. Rodnina5, Andrea C. Vaiana1,
Helmut Grubmuller1.
1Theoretical and Computational Biophysics, Max Planck Insititut Fuer
Biophysikalische Chemie Goettingen, Goettingen, Germany, 2Computational
Structural Biology Group, Forschungszentrum Ju¨lich, Ju¨lich, Germany, 3SRC
Bioclinicum, Moscov, Russian Federation, 43D Electron Cryomicroscopy
Group, Max Planck Insititut Fuer Biophysikalische Chemie Goettingen,
Goettingen, Germany, 5Department of Physical Biochemistry, Max Planck
Insititut Fuer biophysikalische Chemie Goettingen, Goettingen, Germany.
During the elongation cycle, after peptide-bonds are formed in the ribosome,
transfer RNAs translocate to their new binding sites. Combining high-
resolution crystal structures, cryo-EM data of multiple translocation intermedi-
ates of factorless retro-translocation, and atomistic molecular dynamics
simulations, we have analysed collective motions, intrinsic time scales, and
overall transition rates of ribosomal motions promoting tRNA translocation.
FromaMarcus-Theory type transition state analysis of fastmolecular fluctuations,
unexpectedly fast sub-microsecond intrinsic rateswere resolved for bodyand head
rotations as well as swiveling motions. The tRNA transitions between A,P, and E
site are seen to be clearly slower than microseconds and seem to determine the
overall transition rate between the intermediates.Remarkably, our kinetic analysis
recovers the sequence of intermediates proposed in Fischer et al. that was purely
based on structural similarity, thereby adding time information to these data.
Together with the millisecond dynamics revealed from single molecule studies
and the slow dynamics between pre and post states, a Frauenfelder-type hierar-
chy of time scales and corresponding free energy barriers emerges, underscor-
ing the notion of the ribosome as a stochastic molecular machine.
1267-Plat
Accelerate Sampling in Atomistic Energy Landscapes using Topology-
Based Coarse-Grained Models
Weihng Zhang, Jianhan Chen.
Kansas State University, Manhattan, KS, USA.
Successful simulations of biomolecules require sufficient sampling of the relevant
conformational space. This has remained a major challenge due to large conforma-
tional space and significant energy barriers, especially with atomistic force fields.
Temperature replica exchange (REX) has emerged as a powerful and popular tech-
nique for enhanced sampling. Yet, efficiency of temperature REX can be severely
limited by the presence of sharp cooperative conformational transitions as well as
due to large entropic barriers frequently associated with folding transitions. A
coarse-grained representation is often necessary to significantly reduce the confor-
mational space and allows faster sampling of reversible conformational transitions,
albeit at the expense of reduced detail and accuracy. Here, we describe amulti-scale
enhanced sampling (MSES) method that directly couples topology-based coarse-
grained protein models with atomistic ones to accelerate the sampling of complex
and rough atomistic energy landscapes. The bias from the coupling potential is
completely removed by performing Hamiltonian/temperature REX, allowing one
to benefit simultaneously from faster transitions of the coarse-grained model and
the accuracy of the atomistic force field. The method has been applied to implicit
solvent simulations of several peptides and small proteins including protein GB1,
protein A and villin headpiece. The results demonstrate that MSES dramatically in-
creases the number of folding/unfolding transitions sampled and improve the con-
vergence of various thermodynamic properties of interest in all cases. Importantly,
this method is simple and fully scalable to larger and more complex systems.1268-Plat
Analysis of Size and Compositional Distributions of Pleomorphic Ensem-
bles Arising from Clustering of Multivalent Biological Molecules
Cibele V. Falkenberg, Michael L. Blinov, Leslie M. Loew.
U.Conn. Health Center, Farmington, CT, USA.
Pleomorphic ensembles are aggregates of molecules linked through multivalent
low affinity binding sites. Several examples serve to illustrate the diversity and
ubiquity of such systems in cells: Nephrin-Nck-NWasp, P-granules, mRNA
granules, focal adhesions, postsynaptic density regions and the aggregation of
receptor signaling platforms. The classical polymer physical chemistry theory
developed by Flory and Stockmayer provides an analytical framework for treat-
ing multivalent interactions in systems with up to two types of molecules and
binding sites. We describe and validate a numerical algorithm that extends the
theory to accommodate systems more often encountered in biology, such as in-
teractions amongmany types of molecule and binding sites, and involving coop-
erativity. The algorithmbreaks eachmolecule into its smallest representative unit
in order to deterministically predict the probability of bonds, or fraction of
molecules in each state. The pairing of molecules is computed stochastically,
followed by sorting of the resulting bonds into clusters of connected molecules.
This hybrid treatment is more computationally efficient compared to fully sto-
chastic methods. The method can be used to describe kinetic or equilibrium sys-
tems. We show that the occurrence of rings (intramolecular interactions) in the
largest cluster is a robust numerical predictor for gelation (when the molecules
in the system form macroscopic aggregates). We use published experimental
data on the nephrin-Nck-NWasp system to illustrate how the method can be
used to help characterize the type of interactions betweenmolecules in biological
systems of interest. This work was supported by the National Institutes of Health
grants TRO1DK087650, R01HL097431, R01GM095485 and P41GM103313.
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Dynamic Re-Discretization Allows Simulation of Biopolymers Across
Length-Scales
Peter Mulligan1, Elena F. Koslover2, Andrew J. Spakowitz1.
1Chemical Engineering, Stanford, Stanford, CA, USA, 2Biophysics, Stanford,
Stanford, CA, USA.
The dynamic behavior of polymers like DNA and proteins, such as actin filaments,
plays a key role in many cellular functions from gene regulation to cell mobility. A
major challenge to gaining better physical insight into the role of these polymers
inside a cell lies in accessing all the relevant time and length scales within a simu-
lation. Recent published work by Koslover and Spakowitz has highlighted a new
technique that correctly captures the behavior of stretchable, shearable Wormlike
chains (ssWLC) across length-scales, allowing simulations that were previously
too large or complex to be runmuch faster on a singlemachine.We have extended
thiswork to look at the complex nature of polymer-polymer interactions, which are
a hallmark of cellular processes. Our first application is on the timescales for DNA
looping, and we discuss simulation results that can capture the looping time for
DNA segments regardless of the initial discretization of the DNA chain. A second
example focuses on the interactions of actin, where our simulation methodology
makes it possible to capture the behavior of many interacting polymers in solution.
Our work is closely matched to recent experimental results that would have been
computationally impossible to simulate previously. These results highlight the po-
wer of this technique to address the interactions that play a key role in the dynamic
behavior of DNA and proteins within a crowded cellular environment.
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A Journey Through Cellular Processes: One Molecule at a Time
Carlos Bustamante.
University of California, Berkeley, Berkeley, CA, USA.
Forces and torques play an important role inmany biological phenomena, frommo-
lecular binding and catalysis to the segregationof chromosomes andmuscle contrac-
tion. How do forces and torques affect molecular behavior and how do these arise
from the interactions between molecules? The answers to these questions have
only begun to emerge during the last two decades through the advent and develop-
ment of methods of single molecule manipulation. With these methods it has been
possible to follow in real time the behavior of individual molecules subjected to
the effects of force or torque and to measure the forces and torques generated in
the course of their reactions. Iwill survey several systems thatwehavebeen studying
in our laboratory from the initial characterization,more than two decades ago, of the
DNA elasticity both extensional and torsional, to the mechanical unfolding and re-
folding of proteins andRNAand the study of the innerworkings of various complex
molecularmachines. I will showhowour studies have benefited fromparallel devel-
opments in our understanding of the statistical physics of irreversible processes in
microscopic systems and how to use these fundamental results to learn about the en-
ergetics of complex molecular processes.
